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Doppler echocardiography is one of the most useful clinical
tools for the assessment of left ventricular (LV) diastolic function.
Doppler indices of LV filling and pulmonary venous (PV) flow are
used not only for diagnostic purposes but also for establishing
prognosis and evaluating the effect of therapeutic interventions.
The utility of these indices is limited, however, by the confounding
effects of different physiologic variables such as LV relaxation,
compliance and filling pressure. Since alterations in these vari-
ables result in changes in Doppler indices of opposite direction, it
is often difficult to determine the status of a given variable when
a specific Doppler filling pattern is observed. Recently, color
M-mode and tissue Doppler have provided useful insights in the
study of diastolic function. These new Doppler applications have
been shown to provide an accurate estimate of LV relaxation and
appear to be relatively insensitive to the effects of preload
compensation. This review will focus on the complementary role of
color M-mode and tissue Doppler echocardiography and tradi-
tional Doppler indices of LV filling and PV flow in the assessment
of diastolic function.
(J Am Coll Cardiol 1998;32:865–75)
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During the last two decades, Doppler echocardiography has
emerged as the principal clinical tool for the assessment of left
ventricular (LV) diastolic function. Echocardiography not only
provides both anatomical and functional information but is
also a widely available, safe and inexpensive imaging modality.
Left ventricular filling and, more recently, pulmonary venous
(PV) Doppler flow indices have been used to evaluate different
parameters of diastolic function, including LV filling pressure,
relaxation and stiffness (1–4). These indices are used not only
for diagnostic purposes but also for establishing prognosis and
evaluating the effect of therapeutic interventions (5–9). Unfor-
tunately, since several physiologic variables affect simulta-
neously Doppler flow velocities, it is often difficult to deter-
mine which individual variables are affected when a specific
Doppler pattern is observed unless other relevant clinical
and/or invasive information is available (10–13). Recently,
color M-mode and tissue Doppler have provided additional
insights in the assessment of diastolic function. This review will
focus on the complementary role of these new Doppler
applications over the traditionally established pulsed Doppler
flow indices.
Utility and Limitations of Standard Doppler
Filling Indices
Transmitral Doppler velocities are related to transmitral
pressure gradients as determined by Bernoulli’s equation of
flow (14,15). It must be realized that standard pulsed-wave
Doppler velocities may be applied only to determine the
convective component of the pressure gradient by using the
simplified form of this equation. Doppler-derived pressure
gradients are clinically accurate in diseased valves with restric-
tive orifices. However, in conditions of pulsatile flow across a
nonrestrictive orifice such as a normal mitral valve, the relative
contribution of the inertial component to the pressure gradient
has been shown to be significant (16,17) and therefore true
pressure gradients are underestimated.
Several clinical studies have shown an association between
abnormalities of LV relaxation and specific transmitral Dopp-
ler flow velocity patterns. Patients with coronary artery disease,
advanced age, hypertension and early restrictive cardiomyop-
athy typically exhibit a Doppler pattern of “delayed relax-
ation.” This pattern, characterized by decreased early filling
(E) and increased atrial contraction (A) mitral flow velocities,
has been commonly attributed to a reduced LV relaxation rate
(2,18–20). Impairment of LV relaxation results in prolonga-
tion of the isovolumic relaxation time (IVRT), decrease in
early transmitral flow velocity (E) and prolongation of the
E-wave deceleration time (15). However, other factors such as
atrial and ventricular compliance, mitral valve inertance and
left atrial (LA) pressure are also determinants of transmitral
Doppler flow (11,13,15). Increasing filling pressure shortens
isovolumic relaxation time, increases early transmitral gradient
and transmitral flow velocity and reduces early flow decelera-
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tion time and atrial flow velocity. For instance, in cardiac
amyloidosis, progressive elevation in LA pressure causes the
Doppler patterns to change from that of delayed relaxation to
pseudonormal and finally to restrictive filling with increasing
disease severity (21). Since transmitral Doppler filling patterns
depend on both parameters, progressive elevation of LA
pressure in ventricles with impaired relaxation results in
“pseudonormalization” of the filling pattern (1,22).
In an attempt to overcome the limitations of transmitral
flow Doppler indices of LV filling, several investigators have
incorporated routinely the assessment of PV flow (23–25).
With the new generation of ultrasound equipment, direct
recordings of PV flow have become almost routinely available
from the transthoracic approach. Doppler indices of PV flow
have been used in the assessment of LA pressure, differentia-
tion of constrictive pericarditis from restrictive cardiomyopa-
thy and assessment of the severity of mitral regurgitation
(26–29). Most normal adult patients exhibit a prominent
systolic (S) flow and a systolic-to-diastolic (S/D) ratio .1. In
patients with elevated LV filling pressure, reduced LA and LV
compliance or with severe mitral regurgitation there is blunting
of the pulmonary venous S wave and increased D flow. This
pattern, in addition to prominent atrial reversal (AR) flow
velocity, has been used to distinguish normal from pseudonor-
mal transmitral Doppler filling (1). However, in normal young
adults and athletes in whom atrial contribution to LV filling is
minimal and the LA behaves more as a “passive” conduit,
blunting of the S wave is also common. Although normal
patients may be recognized by their AR velocities of shorter
amplitude and duration (30), AR velocities are also frequently
diminished in patients with restrictive filling, possibly because
of atrial mechanical failure (1,31). In addition, AR amplitude
and duration are often difficult to measure in many patients
from transthoracic echocardiography.
It is therefore evident that all pulsed Doppler indices of
transmitral and PV flow present a parabolic distribution during
progression from normal to advanced diastolic dysfunction
(Fig. 1). Determining whether an individual patient is in the
left or the right portion of the parabolic curve may be difficult.
Careful analysis of Doppler parameters of LV filling and PV
flow in combination with two-dimensional echocardiographic
and clinical data permits the correct assessment of diastolic
function in many patients (32). Nevertheless, in many instances
the information obtained from standard pulsed Doppler indi-
ces is inconclusive or contradictory. The following part of this
presentation will describe how newer indices of LV filling may
be used alone or in combination with standard pulsed Doppler
to overcome these limitations.
Assessment of LV Filling by Color
M-Mode Doppler
While standard pulsed-wave Doppler echocardiography
provides the temporal distribution of blood flow velocities in a
specific location, color M-mode Doppler echocardiography
provides the spatiotemporal distribution of these velocities
across a vertical line. Thus the information displayed in a color
M-mode recording of the LV inflow is comparable to that
given by multiple simultaneous pulse Doppler tracings ob-
tained at different levels from the mitral orifice to the LV apex
(Fig. 2).
Physical principles of color M-mode Doppler echocardiog-
raphy. Color M-mode Doppler displays velocity data along a
scanline. Using the autocorrelation method, a series of pairs of
ultrasound pulses are sent and their received frequencies are
compared. By analyzing the phase shifts, velocities of moving
targets are obtained and displayed color encoded. A typical
color M-mode Doppler recording provides a temporal resolu-
tion of 5 ms, a spatial resolution of about 1 mm and a velocity
resolution equal to the forward plus the reversed Nyquist limit
divided by 32 (e.g., if both Nyquist limits are 64 cm/s, velocity
resolution is 4 cm/s) (33). Figure 3 demonstrates the typical
pattern displayed by normal patients in sinus rhythm. A first
wave propagates from the LA to the LV apex corresponding to
early filling and a second wave follows atrial contraction. The
magnitude of these velocities is highest above the mitral leaflet
Abbreviations and Acronyms
Am 5 peak diastolic myocardial velocity during atrial contraction
AR 5 peak pulmonary venous atrial reversal velocity
D 5 peak diastolic pulmonary venous flow velocity
DT 5 early filling deceleration time
E 5 peak early transmitral flow velocity
Em 5 peak early diastolic myocardial velocity
IVRT 5 isovolumic relaxation time
LA 5 left atrial
LV 5 left ventricular
PV 5 pulmonary vein
S 5 peak systolic pulmonary venous flow
Sm 5 peak systolic myocardial velocity
t 5 time constant of isovolumic relaxation
TD 5 color M-mode time delay to apical filling
TDE 5 tissue Doppler echocardiography
Vp 5 color M-mode flow propagation velocity
Figure 1. Parabolic curve representing the changes in pulsed Doppler
early-to-atrial (E/A) ratio during transition from normal diastolic
function to severe dysfunction. Effect of preload and relaxation. Other
indices of transmitral and pulmonary venous flow have similar bimodal
distribution (see text for details).
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tips and decreases as flow approaches the apex, as shown by
the change in encoding color. In normal ventricles, the spatial
position of the maximal velocity is closer to the ventricular
apex for the early filling (E) wave than it is for the atrial
contraction (A) wave, suggesting that intraventricular pressure
gradients during early filling produce a suction force that
accelerate flow beyond the mitral orifice (34). It is also evident
that flow at the mitral valve level occurs earlier than at the
apical regions. The velocity at which flow propagates within the
ventricle (Vp) is given by the slope of the color wavefront.
Using digital processing, numerical velocity values can be
obtained in addition to spatial and temporal information (33).
Since color M-mode Doppler provides velocity data simulta-
neously at multiple spatial locations, in theory it is possible to
estimate true pressure gradients using the complete Bernoulli
equation (including its inertial term: pE
A
V dvW
dt z dsW) (35). If we
assume that the direction of the streamlines during LV filling
is oriented in parallel with the M-mode cursor line, pressure
gradients can be obtained using the Euler equation, a differ-
ential form of the Bernoulli equation:
2
­p
­s
5rF­v­t1v ­v­sG .
Preliminary data obtained in animals instrumented with
multisensor micromanometer catheters at our laboratory have
demonstrated that intraventricular pressure gradients calcu-
lated by color M-mode Doppler are accurate (36). Intraven-
tricular pressure gradients are thought to be responsible for
the mechanism of suction in ventricles with normal relaxation
(34). Courtois and Ludbrook (34) have previously shown that
these intraventricular gradients result from active myocardial
events, suggesting a model of diastolic function that treats the
apex as a prominent source of recoil during early diastole,
contributing to the process of filling by actively drawing blood
from the mid and basal levels of the heart into the apical
region. In ischemia and cardiomyopathy these gradients are
markedly reduced (37). Studies have shown that in heteroge-
neous patient populations there is a poor correlation between
the propagation velocity (Vp) measured by color M-mode
Doppler and pulsed Doppler E velocity (38,39). Vortex forma-
tion may explain why flow peak E velocity may be higher than
Vp in abnormal ventricles: According to hydrodynamic princi-
ples, the velocity of particles (E) in a vortex ring exceeds the
velocity at which the whole ring travels (Vp) because of their
intrinsic circular motion (40). Vorticity is generated by shear
between inflowing blood and the stationary blood already in
the ventricle. Contrast studies have shown an increased vortex
formation in dilated ventricles and in the presence of apical
segmental dysfunction (41).
Figure 2. Diagram representing the relationship between pulsed and
color M-mode Doppler of the left ventricular inflow. Flow propagation
velocity (Vp) is given by the slope of any isovelocity line. Other index
reported in the literature is the time delay (TD) of the peak E velocity
from mitral tips to the apex.
Figure 3. Color M-mode recording of the left ventric-
ular inflow showing the early E and atrial contraction
A waves. Vp 5 flow propagation velocity; TD 5 time
delay (see Figure 2).
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Clinical studies using color M-mode Doppler. Several clin-
ical studies have been conducted using either manual or
semiautomatic indices derived from color M-mode Doppler.
Brun et al. (42) identified the leading edge of the early filling
wave (transition from no color-to-color) measured from the
mitral leaflet tips to the apex as the flow propagation velocity
(Vp). In their study they demonstrated a significant negative
correlation between Vp and the time constant of relaxation (t)
in various groups of patients with coronary disease and cardio-
myopathy, suggesting that a rapid ventricular relaxation (short
t) promotes a faster propagation of blood into the ventricle.
These findings suggested that color M-mode Vp could repre-
sent a useful noninvasive index for assessing LV relaxation.
Using a different approach, Stuggard et al. (43,44) identified
the temporal difference between the point of maximal velocity
at the mitral level and at the apex. They demonstrated that this
time delay (TD) was prolonged significantly in dogs during
ischemia induced by coronary occlusion and in human subjects
undergoing coronary angioplasty. Preliminary reports have
also shown that TD is reduced by cathecholamine stimulation
and prolonged during infusion of beta-antagonists, with
changes occurring in parallel with invasive parameters of LV
relaxation (43). Recent preliminary clinical studies suggest that
color M-mode Doppler may be useful in distinguishing restric-
tive cardiomyopathy from constrictive pericarditis in patients
with preserved systolic function (45). While these patients may
have quite similar pulsed-wave Doppler mitral velocity pat-
terns, patients with constrictive pericarditis present an ex-
tremely rapid Vp, whereas patients with restrictive cardiomy-
opathy show distinctly slower Vp than their pulsed E wave
velocities. The disparity between pulsed and color M-mode
Doppler in patients with restriction could either be caused by
abnormal generation of vortices due to functionally reduced
mitral valve orifice area and/or by the reduction of intraven-
tricular pressure gradients and thus apical suction force.
Further invasive studies will be required to determine the
individual contribution of these two factors. Color M-mode
Doppler may also be useful to detect diastolic mitral regurgi-
tation frequently found in patients with advanced diastolic
dysfunction.
In contrast to standard Doppler filling indices, preliminary
experience suggests that Vp is relatively independent of pre-
load. Takatsuji et al. (38) studied a large group of patients with
normal, delayed relaxation and pseudonormal pulsed Doppler
patterns of LV filling confirmed by hemodynamic findings.
While pulsed Doppler indices showed the typical “U shaped”
distribution from normal to delayed relaxation to pseudonor-
mal patients, color M-mode Doppler Vp was equally lower in
the last two groups. Furthermore, this study also showed a
strong negative correlation between t and Vp, despite the wide
variability in LV filling pressures among the three groups of
patients.
How to obtain and interpret a color M-mode Doppler study.
To record a color M-mode Doppler study the M-mode cursor
is placed through the center of the mitral inflow region in the
apical four-chamber view. The imaging transducer may be
displaced towards the lateral wall if needed to position the
M-mode scan line in parallel with the direction of flow
observed by two-dimensional color Doppler. The depth is
adjusted to include the entire LV from the mitral leaflets to the
apex, and the sweep rate is maximized. The Vp may be
measured from the still frame on line or recorded on videotape
or digital format. The slope that connects any isovelocity line
from the tip of the mitral leaflets to the apical regions
represents Vp. Careful attention should be made to avoid
measuring intracavitary flow originating before the onset of
mitral inflow (43). Brun et al. (42) measured originally the
slope of the transition from no color-to-color. In our experi-
ence we have obtained a higher reproducibility by measuring
the slope of the first aliasing velocity from the mitral tips to a
position 4 cm distally into the LV (39). This method permits us
to obtain a consistent measurement when the color M-mode
inflow recordings are curvilinear. The color velocity scale may
be adjusted and/or the baseline shifted to produce color
aliasing. Recordings should be acquired at end-expiration to
minimize misalignment due to translation. Several measure-
ments should be averaged particularly if the patient has an
irregular heart rhythm. Color M-mode studies may be difficult
to obtain in patients with rapid heart rate and/or first degree
atrioventricular block in whom there is poor separation be-
tween the early and the atrial filling waves. In our experience,
young healthy subjects have a color M-mode Vp . 55 cm/s.
Older patients or those with LV hypertrophy, normal systolic
function and delayed relaxation have lower Vp and low pulsed
Doppler E velocity and E/A ratio ,1. Patients with advanced
diastolic dysfunction have low Vp but higher pulsed Doppler E
and E/A .1 (38) (Fig. 4). In some patients with hypertrophic
or restrictive cardiomyopathies, intracavitary flow originated
before mitral inflow may be very prominent and could be
confused with the wave of early filling, giving the appearance of
a very fast Vp and should be excluded from measurement.
Tissue Doppler Echocardiography in the
Assessment of Diastolic Function
Recently developed for clinical use, tissue Doppler echo-
cardiography (TDE) is a new echocardiographic application
that has made possible the acquisition of myocardial velocities
on-line during an ultrasound examination (46–48). This tech-
nology is now available in several of the new generation
ultrasound systems and can provide accurate quantitative
information about myocardial motion during the cardiac cycle.
Physical principles of TDE. Doppler ultrasound has been
traditionally applied for the measurement of blood flow veloc-
ities across intravascular structures. Moving red blood cells
reflect low amplitude Doppler signals but at a relatively high
velocity. In contrast, moving tissue such as the myocardium
typically reflects low velocity but very high amplitude Doppler
signals. In a conventional Doppler system a high pass filter is
incorporated to eliminate these low velocity signals and the
gain settings are increased to amplify the signals reflected by
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moving blood. To display tissue velocities, two relatively simple
alterations in Doppler signal processing are required: 1) the
high pass filter is bypassed and 2) a lower gain amplification is
used to eliminate the weaker intensity blood flow signals.
Tissue Doppler velocities may be displayed either in spectral
pulsed or in color-encoded M-mode or two-dimensional mode.
The technical principles and limitations of any of these modal-
ities are similar to those encountered with standard Doppler
flow systems. The spectral pulsed-wave Doppler method pro-
vides the highest temporal and velocity range resolution. The
color two-dimensional method provides a high spatial but a low
temporal and velocity range resolution (typically 16 velocity
values). Tissue Doppler echocardiography may be used to
quantify myocardial velocities in multiple segments of the
myocardium from different echocardiographic acoustic win-
dows. If we examine a typical spectral display, we can observe
a velocity signal directed towards the LV centroid during
systole (Sm) and two distinct signals directed away from the
centroid during early (Em) and late (Am) diastole (Fig. 5).
Other multiphasic signals are also frequently detected during
isovolumic contraction and relaxation, which are normally not
apparent from two-dimensional echocardiography but occa-
sionally can be detected by M-mode (49). These signals are
thought to be caused by rapid small geometrical changes that
occur in the LV and by right ventricular interdependence
(50,51).
To interpret the velocities obtained by either spectral
pulsed or color tissue Doppler we must remember that they
represent only the component of motion of a given segment in
a direction parallel to the imaging cursor. This motion is not
only caused by myocardial contraction and relaxation but also
by translation and rotation of the cardiac structures. Several
algorithms have been proposed to eliminate the effect of
translation and to correct for Doppler angle misalignment. A
different approach that we and other investigators have used
measures the axial motion of the ventricle by interrogating
the basal myocardial segment near the mitral annular region
from the apical acoustic window (52,53). Since the position of
the apex is relatively fixed throughout the cardiac cycle and the
motion of the base in the axial plane is near in parallel with the
Doppler cursor, the velocities obtained almost entirely repre-
sent the motion due to contraction and relaxation and do not
require angle correction. Regional LV systolic and diastolic
function can be assessed by placing the sample volume at
different segments of the septal, lateral, anterior, inferior and
posterior myocardial walls from the two-, three- and four-
chamber apical views. Global function may be expressed as the
average of these regions, particularly in those patients with
regional wall motion abnormalities.
Clinical studies using TDE. In healthy normal subjects, the
motion of the myocardium during diastole in either the
circumferential or the axial plane appears as a mirror image of
the mitral inflow velocity patterns. A fall in the ratio of the
myocardial Em velocity to Am velocity with age is noted, as it
has been previously well described in the LV filling curves.
However, the concordance observed between diastolic myocar-
dial velocities in the axial plane and ventricular inflow patterns
is disrupted in various disease states. In patients with restrictive
Figure 4. Pulsed and color M-mode Doppler recordings of the left
ventricular inflow in a subject with normal diastolic function, a patient
with delayed relaxation and a patient with restrictive filling. Notice the
delayed apical filling (reduced Vp and prolonged TD in both the
delayed relaxation and restrictive cases).
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cardiomyopathy we have found low Em in the presence of
either low or high pulsed Doppler E velocities and frequently
a Em/Am ratio ,1 in patients with pseudonormalized or
restrictive filling (E/A ratio .1) (54) (Fig. 6). Based on this
observation we have used TDE to differentiate restrictive
cardiomyopathy from constrictive pericarditis. In contrast to
patients with restriction, patients with pure constrictive peri-
carditis and normal systolic function have normal or even
elevated Em velocities, probably indicating normal ventricular
relaxation. In this preliminary study we found that a cutoff
pulsed Doppler Em velocity of 8 cm/s allowed complete
separation between patients with constriction and restriction
(Fig. 7). These results have been recently confirmed in a larger,
prospective cohort (54). Similar discordance between LV
filling ratios and myocardial velocities may be found in patients
with hypertrophic, dilated and hypertensive cardiomyopathies
(55,56). Myocardial diastolic velocities have been reported to
differentiate myocardial hypertrophy in athletes from hyper-
trophic cardiomyopathy with an accuracy of .0.9 (57). In this
study no significant difference was found in standard Doppler
indices of LV filling among these two groups. These observa-
tions have suggested that changes in Em velocity caused by
impaired LV relaxation are less sensitive to preload compen-
sation. Oki et al. (58) recorded transmitral flow and myocardial
Doppler velocities and measured t in patients undergoing
cardiac catheterization. The time constant (t) correlated well
with IVRT and other various parameters calculated from
transmitral flow Doppler, except in those patients with ele-
vated LV end-diastolic pressure who presented a pseudonor-
mal filling pattern. In contrast, all patients with heart disease
who had abnormal LV relaxation (prolonged t) also had a low
Em. Moreover, t correlated well with Em in all subjects,
regardless of their LV filling pressure. In a recent study, Sohn
and coworkers (56) measured myocardial velocities in normal
volunteers and in patients with delayed relaxation and pseudo-
normal LV filling as assessed by Doppler mitral inflow vari-
ables and invasive hemodynamic measurements. In patients
with a mitral Doppler inflow pattern of delayed relaxation, the
infusion of volume resulted in a change towards pseudonor-
malization with shortening of the E wave deceleration time
and increased E/A ratio, while patients with normal or pseudo-
normal filling at baseline demonstrated a significant reduction
in mitral inflow E velocity and E/A ratio after nitroglycerin
infusion. In contrast, no significant changes were found in Em
velocity, confirming that this parameter is less sensitive to
preload changes. In this study, patients with pseudonormal
filling, defined as the combination of normal mitral inflow
variables and prolonged t (. or 5 50 ms) could be separated
from patients with normal filling patterns by an Em velocity
,8.5 cm/s and a Em/Am ratio ,1 with a sensitivity of 88% and
specificity of 67%. A similar study conducted in our laboratory
including patients with various degrees of diastolic dysfunction
recently showed that Em was the best discriminator between
normal and pseudonormal patients when compared to any
other single or combined index of transmitral filling and
pulmonary venous Doppler flows (59). Doppler myocardial Em
velocity is remarkably low in patients with hypertrophic or
restrictive cardiomyopathies with either delayed relaxation,
Figure 5. Two-dimensional color and pulsed tissue Doppler axial
velocities of the myocardium recorded from the apical four-chamber
view. Systolic (Sm), early diastolic (Em) and atrial contraction (Am)
velocities are shown in the pulsed Doppler tracing. The two-
dimensional image was obtained during systole.
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pseudonormal or restrictive filling, even in the presence of
preserved systolic function (60). Preliminary data suggest that
diastolic myocardial velocities measured by TDE are very
sensitive in detecting rejection in heart transplant patients
(60).
How to obtain and interpret a TDE study. We as well as
other investigators have proposed to measure myocardial
velocities in the longitudinal axis to minimize the effect of
cardiac translation (54,56,57,59). From either the apical four-
chamber or two-chamber acoustic windows, the region of
Figure 6. Standard pulsed Doppler
transmitral inflow (upper panels) and
myocardial axial velocities (lower pan-
els) recorded at the basal lateral wall
in a healthy volunteer and in a patient
with severe aortic stenosis, left ven-
tricular hypertrophy and elevated fill-
ing pressures (pseudonormal). Early
diastolic myocardial velocity (Em) is
significantly reduced as well as the
early-to-atrial velocity ratio (Em/Am)
in the pseudonormal patient (see text
for details).
Figure 7. Differentiation of restric-
tive cardiomyopathy from constric-
tive pericarditis. Representative ex-
amples of the mitral annular
M-mode, tissue Doppler axial ve-
locities and transmitral Doppler
flow velocities in a normal volun-
teer, a patient with restrictive car-
diomyopathy and a patient with
constrictive pericarditis. A marked
difference in early diastolic velocity
(arrows) despite similar transmitral
flow velocities is appreciated.
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interest is placed at the level of mitral annulus either on the
septal, lateral, anterior or posterior aspects. Two-dimensional
or color M-mode recordings must be analyzed on line or
recorded digitally to decode the color-encoded velocity values.
Spectral pulsed Doppler studies may be recorded in videotape.
Studies are obtained during apnea to minimize translation-
induced motion artifacts. Color or pulsed Doppler gains are
minimized and the wall filter is eliminated. Peak early diastolic
velocity is measured at the time of the electrocardiographic T
wave. Peak atrial contraction velocity is the next major deflec-
tion following the electrocardiographic A wave. The magni-
tude of these velocities may vary according to the location,
particularly if the patient has regional wall motion abnormal-
ities. In these cases an estimate of global performance could be
derived by averaging velocities obtained from different myo-
cardial segments. In normal subjects Em and Em/Am ratio
decrease with age in a similar manner to pulsed E and E/A of
the transmitral flow (56). Older patients or those with LV
hypertrophy, normal systolic function and delayed relaxation
have lower Vp and low pulsed Doppler E velocity and E/A
ratio ,1 (38). Because of their relative preload independence,
diastolic myocardial velocities may be used to differentiate
normal from pseudonormal filling patterns. Patients with ad-
vanced diastolic dysfunction and pseudonormal filling have
lower Em compared to those with normal filling (57).
Incorporating Color M-Mode and Tissue
Doppler Indices Into the Conventional Stages
of Diastolic Function
The general clinical and echocardiographic evaluation of
diastolic function recognizes four distinct stages from normal
to advanced disease. Table 1 incorporates color M-mode and
tissue Doppler parameters to the criteria accepted by the
Canadian Consensus on Diastolic Dysfunction (61). These
patterns are not unique to a specific disease but represent a
spectrum, which may be influenced by aging and changing
hemodynamic variables.
Normal filling pattern. The normal filling pattern is seen in
patients with normal LV relaxation rate, compliance and filling
pressures. Atrial contribution to LV filling is minimal. Thus,
standard Doppler indices of LV filling and PV flow are
characterized by high E, E/A ratio ,1, IVRT ,100 ms and
early filling deceleration time (DT) ,220 ms. In young adults,
athletes and pregnancy the very rapid relaxation rate results in
rapid and near-complete LV filling during early diastole,
causing very short IVRT, prominent E and short DT. The LA
behaves primarily as a reservoir and conduit. Since LA volume
before atrial contraction is minimal, LA contractility is re-
duced, resulting in low ejection volume, A and AR velocities,
reduced LA relaxation force and consequently low S. As atrial
contribution to LV filling increases with age, A and S become
more prominent and S/D ratio becomes .1. Color M-mode Vp
is fast, in our experience .55 cm/s in younger and .45 cm/s in
older adults. Tissue Doppler echocardiography Em velocity
measured in the LV long axis plane is .10 and .8 cm/s,
respectively.
Stage I (delayed relaxation). This pattern is seen in pa-
tients with reduced LV relaxation rate but relatively normal
compliance and filling pressures. Patients typically have only
mild symptoms or are asymptomatic and may have mild LA
enlargement. Atrial contribution to LV filling is increased,
frequently .30% of the stroke volume. The delayed relaxation
pattern is characterized by an E/A ratio ,1, prolonged DT
(.220 ms) and IVRT (.100 ms). Pulmonary venous flows
show S . D with usually prominent AR. Color M-mode Vp is
reduced (,45 cm/s), as well as TDE Em (,8 cm/s).
Stage II (pseudonormal). This pattern is often the most
difficult to recognize since, as its name implies, Doppler filling
indices resemble those found in normal subjects. Left ventric-
ular relaxation rate and compliance are reduced, but filling
pressure is now increased as a compensatory or overcompen-
satory mechanism to maintain cardiac output. Patients have
mild-to-moderate symptoms of pulmonary vascular congestion
and various degrees of LA enlargement depending upon the
chronicity of disease. Other evidence of structural heart dis-
ease, such as increased LV volumes and mass and reduced
ejection fraction, is also commonly present. The elevated LA
pressure results in earlier opening of the mitral valve and, thus,
shorter IVRT. The reduced LV compliance causes rapid
increase in LV pressure with cessation of LV filling and
reduced DT. Atrial contribution to LV filling is reduced due to
the increased end-diastolic LV stiffness resulting in reduced A
and pulmonary venous S/D ,1. Pulmonary venous AR is .35
cm/s unless atrial mechanical failure is present. Since LV
relaxation is impaired, color M-mode Vp remains reduced,
,45 cm/s, as well as TDE Em (,8 cm/s).
Stage III (restrictive filling). The last clinical filling pattern
is seen in the presence of profound abnormalities of LV
compliance and markedly increased filling pressure. Left ven-
tricular relaxation is reduced, perhaps with the only exception
being patients with isolated constrictive pericarditis. Patients
have overt heart failure and moderate-to-severe LA enlarge-
ment depending upon the chronicity of disease. Echocardio-
Table 1. Stages of Diastolic Dysfunction (see text for details)
Normal
(young)
Normal
(adult)
Delayed
Relaxation
Pseudonormal
Filling
Restrictive
Filling
E/A (cm/s) .1 .1 ,1 1–2 .2
DT (ms) ,220 ,220 .220 150–200 ,150
IVRT (ms) ,100 ,100 .100 60–100 ,60
S/D ,1 $1 $1 ,1 ,1
AR (cm/s) ,35 ,35 ,35 $35* $25*
Vp (cm/s) .55 .45 ,45 ,45 ,45
Em (cm/s) .10 .8 ,8 ,8 ,8
*Unless atrial mechanical failure is present. AR 5 pulmonary venous peak
atrial contraction reversed velocity; DT 5 early left ventricular filling decelera-
tion time; E/A 5 early-to-atrial left ventricular filling ratio; Em 5 peak early
diastolic myocardial velocity; IVRT 5 isovolumic relaxation time; S/D 5
systolic-to-diastolic pulmonary venous flow ratio; Vp 5 color M-mode flow
propagation velocity.
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graphic features of advanced structural heart disease are
evident by now. Standard Doppler filling indices are charac-
terized by an increased E/A ratio (.2), short DT (,150 ms)
and IVRT (,60 ms). Pulmonary venous flow usually shows
markedly blunted S. Prominent AR is frequently not present,
probably because of atrial mechanical failure, and usually
carries a poor prognosis (62). Color M-mode Vp and TDE Em
are the lowest, except in patients with constrictive pericarditis
in whom LV relaxation is normal.
Estimation of LV Filling Pressure
Standard Doppler indices of LV filling and PV flow have
been used to estimate noninvasively LV filling pressure (63–
66). All these previously proposed methods are accurate when
applied to groups of patients with homogeneously impaired
LV relaxation, since they assume that reduction in IVRT, atrial
filling fraction, PV S/D ratio and DT will occur solely as a
consequence of elevated LA pressure. However, when these
methods are applied to younger patients and those with
minimal structural heart disease (65,67), they overestimate
actual LV filling pressure, since they cannot separate the effect
of LV relaxation and preload as confounding variables. Color
M-mode and tissue Doppler velocities used as an index of LV
relaxation may be combined with standard Doppler flow
indices to separate these confounding effects. As previously
discussed, LA pressure and LV relaxation are the main
determinants of pulsed Doppler E velocity. A positive linear
relation between E and LA pressure and a negative but still
linear inverse relationship between E and t have been shown in
animal experiments. Since there is a strong (negative) linear
correlation between Vp and t, we can combine pulsed and
color M-mode Doppler data to predict LA pressure (LAP 5
5.27*(E/Vp) 1 4.6 mm Hg, r 5 0.80, p , 0.001, SEE 5
3.1 mm Hg) (39). This equation not only has been developed
and validated in relatively heterogeneous groups of patients
admitted to the coronary, medical and surgical intensive care
units, but it is also theoretically and intuitively sound. A normal
subject with rapid relaxation under normal preload conditions
will have both increased E and Vp. A subject with impaired
relaxation and normal preload will have both reduced E and
Vp. In contrast, a patient with impaired relaxation but elevated
preload will exhibit a prominent E but a reduced Vp. In a
recent study, the combination of standard pulsed Doppler and
diastolic myocardial velocities measured by TDE seemed also
to provide an accurate estimation of LV filling pressure (68).
Limitations
Further studies will be required to address the limitations of
these new Doppler applications. Although preliminary data
suggest that these two methods are relatively preload indepen-
dent, the effect of varying preload conditions, heart rate and
atrioventricular conduction on these variables remains to be
rigorously tested.
The measurement of color M-mode Doppler needs to be
standardized. The impact of variable transducer and pulse
repetition frequencies needs to be studied to determine
whether the suggested range of normal values is comparable
among different ultrasound systems. Automated algorithms
are being developed to facilitate these measurements.
The major limitation of TDE measurements is their angle
dependency. Although several algorithms, such as the mea-
surement of myocardial velocity gradients, have been sug-
gested to correct for the Doppler beam angle of incidence, the
application of this technique is still limited to interrogating a
limited number of myocardial segments from the different
acoustic windows. It has been particularly problematic to study
the apical myocardial segments with this technique.
The agreement between pulsed and color tissue Doppler-
derived velocities has not been systematically studied. Based in
ranges of normal values published in the literature, it appears
that pulsed Doppler-derived velocities are higher. This differ-
ence may be attributed to greater spatiotemporal smoothing
with the color technique or to differences by measuring peak
velocities using the edge of the spectral pulsed Doppler
envelope vs. mean velocities by color Doppler.
The relative information obtained from tissue Doppler
velocities and by color M-mode Doppler assessment of LV
filling needs to be compared in future studies. Disparities
between these two techniques could occur in some patients,
particularly in those with segmental wall motion abnormalities
since color M-mode Doppler provides a global assessment of
diastolic function, while TDE provides regional information.
Conclusions. Newer applications in echocardiography are
revolutionizing the study of patients with diastolic dysfunction.
These applications appear to have finally overcome the limi-
tations of standard Doppler techniques separating the effects
of preload and relaxation in LV filling. Further studies will be
needed in the future to standardize and develop automated
measuring methods and to establish ranges of values from
larger patient populations. The clinical diagnostic and prog-
nostic utility derived from these will likely be shown during the
next decade after they are routinely incorporated into the
echocardiographic evaluation of diastolic function.
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